Electro hydraulic actuator (EHA) system has inner and outer loops like a cascade system. The inner loop consists of an electric motor, a gear pump, and an angular velocity controller, and the outer loop consists of a hydro-actuator and a position controller. Especially, dead-band nonlinearity that exists between the electric motor and the gear pump and friction that occurs between the cylinder and the piston are considered. The tracking performance of EHA position control systems becomes unsatisfactory due to the dead-band and friction effects. Thus, in order to improve the position tracking performance of EHA systems with disturbance, backstepping control scheme for the desired position tracking is proposed, which is compared with the conventional PID scheme.
INTRODUCTION
Hydraulic actuators, in general, have shortcomings such as the leakage of working fluid, environmental pollution due to the leakage, a maintenance load, and limited working space, etc. In addition, conventional hydraulic actuator(CHA) systems have some problems in case of applying to fighting aircrafts, since fighting aircrafts require light weight as well as the improvement their response performance and fault detection for self safety or backup system. Therefore, to overcome these problems, EHA systems have been studied for the integration of components and electric motor control. However, the EHA systems have some merits such as size, energy efficiency, and faster response due to high stiffness compared with CHA systems.
The flow rate and pressure in EHA systems are adjusted directly by the control of the velocity and rotation direction of servo motor connected directly to the bidirectional hydraulic pump. Therefore, the motor control in EHA systems is very important to obtain precise position control performance and velocity control performance of the piston. The servo motor of EHA systems takes an important role for position and velocity controls of the actuator. The position tracking performance of the actuator is greatly influenced by the load pressure due to external load and friction between piston and cylinder. To overcome these problems, Pachter et. al. proposed a robust adaptive control scheme which can guarantee good position tracking control performance, although the system is influenced by disturbance and perturbation of system parameters [1] .
Kokotovic et. al. suggested an EHA system with inner loop for the speed control and outer loop for the position control and applied an adaptive control scheme to the inner loop [2] . Although they proposed various control schemes to cope with system uncertainties and disturbance, the establishment of the inner loop controller is technically difficult and it is very expensive to develop it. In this paper, a bacstepping controller is proposed for the position control of the piston rod with disturbances such as the load exerted on the piston rod and the contact friction between the piston and the cylinder, which affect to the rotation of the servo motor. And the backstepping scheme is compared with a conventional PID scheme for EHA systems with disturbances. Computer simulations are executed in order to verity the effectiveness of the backstepping control scheme for the EHA system with disturbances. Figure 1 shows an EHA system, which consists of the electric servo motor and the bi-directional gear pump. The gear pump is rotated by the servo motor and then the flow rate is generated in the gear pump. The generated pressure by the flow rate makes a position change in the piston rod. And the movement direction of the piston is related to the rotation direction of the servo motor.
SYSTEM MODELING
As shown in Fig. 1 , the servo motor and the bi-directional gear pump are connected directly. Therefore, the servo motor and the gear pump of the EHA position control system can be represented as [3, 4] ) ( To derive the dynamics of EHA systems, Newton's second law is applied for the hydraulic piston. Then, 
The chamber volumes a V and b V depend on the position of the piston ) (t x as follows:
The flow rates ( a q , b q ) in the hydraulic pump can be represented with the pressure of the pump ( a p , b p ) and the angular velocity( p ) of the pump as follows:
where f L is the leakage factor of the pump. By differentiating Eq. (2), we can determine how these pressures can be controlled as follows:
CONTROLLER DESIGN Figure 2 shows the block diagram of the EHA position control system. The EHA position control system consists of the inner loop for the speed control of the servo motor and the outer loop for the position control of the piston. For the speed control of the motor in the inner loop, a proportional and derivative (PD) controller is used. In addition, the dynamics of the inner loop is not considered to design a backstepping position controller.
To design the backstepping controller, Eq. (6) is transformed as a general form [6] as follows: 
The design procedure of the backstepping controller is as follows:
Step 1 From Eq. (9) 
SIMULATION AND DISCUSSION
To design a backstepping position controller, only actuator dynamics neglected the inner dynamics is considered. And in order to confirm the position tracking performance of the proposed backstepping scheme, a conventional PID position controller is also designed. Figure 3 shows the position command input.
has the maximum amplitude of ±10 [cm] and the variation of velocity during 5 seconds. The load pressure due to the friction between the piston and the cylinder is shown in Fig. 4 . This load pressure interrupts the desired rotation of the servo motor and decreases the position tracking performance of the EHA position control systems. From these simulation conditions, the position error results of the backstepping and PID control schemes are shown in Fig. 5 . In case of the PID position control system, the pattern of the position error is a little irregular. However, that of the backstepping position control system is relatively regular. From this result, the backstepping position control system has desired robustness to the disturbance. Also, the transient response of the backstepping position control system is worse than that of the PID position control system. This result is why backstepping position controller use differential value of the position output state such as the velocity and the acceleration and excessive change of the initial error. The root mean square errors for the backstepping and the PID control systems are 0.019mm and 0.08mm, respectively. Therefore, by using the backstepping scheme in place of the PID scheme, the tracking position performance of EHA system with disturbances can be improved by 4 times.
CONCLUSION
Position tracking performance of EHA systems with disturbances such as friction and dead-band are considered. In order to improve the position tracking performance of EHA with disturbances, backstepping It is found that backstepping control scheme based on the system model has robust characteristics for disturbances by computer simulation. The inner loop dynamics, which consist of a servo motor, a servo driver, and a speed controller, are considered as a total EHA systems. And the inner loop dynamics are not considered in a backstepping controller. However, the EHA position control system with the backstepping control scheme has desired position tracking performance and robustness.
